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Abstract 
 
Electromagnetic forming is a high strain rate forming process used for shaping metals. The increasing need for high strength-to-
weight ratio in automobile bodies, stimulated automobile industries to opt for aluminium alloy which has abundant formability 
and high strength to weight ratio. An experimental setup to test the high speed forming of a clamped circular work piece in an 
electromagnetic forming system is made. The free bulging of the IS 19000 EIC annealed aluminium sheets is studied. 
Experiments are conducted on various thicknesses of aluminium sheets by varying the energy. Two different spiral coils are tried. 
Metallurgical studies are carried out on aluminium sheets. This includes measuring the hardness of the work piece before and 
after deformation and a microstructure study using the Scanning Electron Microscope. 
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1.Introduction 
 
Electromagnetic forming is an impulse or high-speed forming technology, which uses pulse magnetic fields to apply 
Forces to tubular or sheet metal work pieces, made of a material of high electrical conductivity. The force 
application is contact free and no working medium is required. Initially the charged capacitors discharge pulses of 
oscillating current through the coil. Due to this, the magnetic field produced by the coil varies proportionately. 
According to Faraday’s law of electromagnetic induction, this charging magnetic field induces an electromotive 
force in the work piece. Thus, the work piece is like a current carrying conductor placed in the magnetic field of the  
coil and hence ,it experiences a repulsive force which forces the work piece against the die to deform the work 
piece. This process is called as an electromagnetic forming 
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Nomenclature 
C           Capacitance 
E           The energy storage capacity 
f The frequency 
S          Electrical conductivity 
V           Maximum charging voltage 
δm         Skin depth  
1.1 High Velocity Forming 
 High velocity forming operations are considered to be operations where the work piece velocities typically 
exceed 100 m/s. These methods include techniques such as explosive forming, electro hydraulic forming, and 
electromagnetic forming. These techniques are distinct from most other metal forming methods, in that the work 
piece is accelerated with a high velocity by the chemical, mechanical or electrical force, and the kinetic energy of 
the work piece is significant (Kamal,2005). High velocity techniques are generally applied where conventional 
methods of metal forming fail.  
1.1.2Electromagnetic Forming 
 In this process, the deformation is carried out by driving a large pulsed current through a conductive coil in 
close proximity to a metal work piece. According to Motoasca (2003), in the conventional processes of stamping the 
typical speed of deformation is about 0.1 m/s, while in the process at high speed, it can reach a few hundred meters 
per second, including the electromagnetic forming process. This means that the piece is deformed quickly, in matter 
of microseconds. This can generate short work cycles, because the rest of the cycle is charging the capacitors, 
feeding the work piece in the tools and removal of the stamping part. According to Boutana (2008), depending on 
the configuration coil and the work piece, this process can be used for compression or expansion of tubular 
components or forming a flat metal sheet in a desired shape.  
 
An electromagnetic forming system is essentially a mutual induction system composed of an actuator coil and a 
conductive work piece (Takatsu et al., 1988). This process is based on a repulsive force generated by the magnetic 
fields in opposite adjacent conductors. The transient magnetic field induces eddy currents in the metal sheet, 
creating an opposite magnetic field. Intense and fast repulsive forces will act on the work piece, accelerating it at 
high speed (Mamalis et al., 2006).  
 
Several studies have started from this premise, but most involve specific situations for deformation of tubular parts 
by solenoid coils, while a few studies have analyzed sheet metal forming by planar coils (Takatsu et al., 1988; 
Meriched, 2000).  
 
The mechanical and electromagnetic phenomena of the process are strongly interrelated, and the deformation of the 
sheet metal affects the magnetic field and, consequently, the Lorentz’s forces are developed. An approximate but 
more realizable approach is to treat the process as a loosely coupled problem, disregarding the influence of the 
deformation of the work piece in the evolution of the magnetic field, and then apply the forces generated by the 
electromagnetic field to the mechanical problem (Mamalis et al., 2006).  
The electromagnetic forming system has many advantages that make it an attractive alternative to conventional 
forming systems (hydraulic, mechanic, etc.) or even to other impulsive methods (mechanical, chemical or electrical 
forming) (Motoasca, 2003; Boutana, 2008). As opposed to most of the conventional forming systems, during 
electromagnetic forming, there is no mechanical contact with the work piece; so lubricants are not needed and the 
process is cleaner and it is possible to stamp the parts with the previous finish of the blank. The energy transferred is 
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established through the electromagnetic field; the electromagnetic forming process can be carried out even in a 
vacuum.  
The formability limit is increased during electromagnetic forming due to high deformation velocity, and the 
principal advantage of electromagnetic forming is its controllability and repeatability, as most of the high velocity 
processes, while the required equipment is relatively simple. Besides many advantages, electromagnetic forming has 
a few disadvantages also: it needs special safety precautions (high voltage of operation) and the required equipment 
is still expensive. In practice, there are size limitations for work pieces to be formed. During the last few decades, an 
increasing need to produce high strength components more economically than by conventional forming, caused a 
renewed interest in electromagnetic forming (Motoasca, 2003).  
1.2Electromagnetic Forming Process 
 
The electromagnetic forming (EMF) process is one of the most common high rate techniques. The source of 
energy used to deform the metal is an electrical discharge. This process is primarily used for three forming 
operations, namely, sheet metal forming, tube expansion, and tube compression. 
 
1.3Process Variables in EMF  
 
i. Capacitor bank  
The energy storage capacity, E of a capacitor bank is given by Eq.(1.1) 
………………………………………………………………………..(1.1)  
where, C is the capacitance and V is the maximum charging voltage. This usually lies between 6 kJ and 20 kJ for 
units used for forming small components. The largest magnetic forming unit known to exist has a storage capacity 
of 240 kJ. The large capacity banks have a number of capacitors connected in parallel. The maximum charging 
voltage for the bank is generally about 10 kV. In the literature, the ranges of capacitance and voltage which have 
been used are roughly 10 m F to 5000 m F and 2 kV to 20 kV respectively, in excess of about 25 kV. 
 
ii. Discharge current waveform  
In most applications, the primary circuit current waveform is a damped harmonic function. The peak values of the 
current are typically between 10 kA and 200 kA and the frequency varies between 10 kHz and 75 kHz. The peak 
value of the current generally becomes unimportant to metal forming after 1.5 to 4 cycles. 
 
iii. Forming Time  
The number of operations possible per hour is limited by the time required to charge up the capacitor bank. This 
varies widely depending on the capacity of the bank and the charging circuit. The cooling of the forming coils may 
also be a consideration in some cases. Typically, a machine can be operated up to 600 - 1200 operations per hour. 
However, a fully automated equipment can reach up to 12,000 operations per hour. 
 
iv. Work Piece Velocity and Strain rate  
The work piece velocity in a typical electromagnetic forming operation ranges from 50 m/s to 250 m/s. The strain 
rates are of the order of 103 or 104 /s. 
 
v. Skin Depth  
It represents the depth (or thickness) to which an oscillating magnetic field can penetrate a conductor. This, in turn, 
limits the depth up to which current is carried by the conductor. For a non-magnetic material, the skin depth, δm is 
given by Eq.(1.2),  
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          (1.2)  
where s is the electrical conductivity of the material, f is the frequency of the oscillating field, and μ0  is the magnetic 
permeability of free space. As the skin depth increases, the magnetic field losses increase. Hence, a small value for 
the skin depth is preferred. The skin depth is usually controlled by varying the frequency.    
 
2. Experimental Work  
2.1Electromagnetic Forming Circuit 
The electromagnetic forming circuit drawn, using E draw max software. The circuit consists of the following 
components.  
 
x SCR module  
x Step-up transformer  
x Bridge rectifier  
x Capacitor bank  
x Thyristor  
x Forming setup (Die, coil, work piece)  
 
 
2.2 Forming Setup 
  
The Forming setup consists of a die, clamp, coil, Bakelite and the work piece to be formed. From the literature 
studies [11], it is decided to select free forming and fixed dimensions of die, accordingly to all the components of 
forming setup. All the components are modeled in 3D and then translated to 2D using Creo 2.0 software. Modeling 
is carried out by using extrude, revolve, sweep, helical sweep and round tool commands. 
 
i. Die, Clamp and Align screw  
 
The material used for the die and clamp is EN8 because of its easy availability and low cost. The material is bought 
from the market and machined to the required dimensions using milling, facing, turning & drilling operations. The 
die houses Bakelite over which coil is placed. The two leads of the coil are taken out from the die, one through the 
hole with the slot which is on the bottom side of the die and the other through the hole which is on the 
circumference of the die. The die, align screw & clamp are shown in following Figures. The clamp is used to clamp 
the complete set up with the coil and the work piece. The 4 mm hexagonal head align screws (2 Nos) are used to 
clamp the setup. 
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Fig.1 Die 
 
Fig.2 Align screw 
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Fig.3 Clamp 
 
ii. Bakelite  
 
 
Fig.4 Bakelite 
283 P. Arumugam et al. /  Procedia Engineering  97 ( 2014 )  277 – 290 
 
Bakelite is a perfect electrical insulating material and it is selected with reference to Takatsu et al.[11]. Bakelite is 
used for housing the coil inside the die. Fig.4. shows the Bakelite. 
 
iii. Coil  
The material used for making the coil is copper. Two coils are tried having cross-sections of 2 mm & 4 mm 
diameter, which has fiber glass insulation and it is wound like a spiral flat pancake coil consisting of 9 & 6 turns 
respectively. Coil modeling is not an easy task because the geometry is flat pancake coil. It is better to go by 
cylindrical coordinate system(R,Θ,Z) instead of the Cartesian coordinate system(X,Y,Z). Fig.4 shows 4 mm  
diameter coil. 
 
 
Fig.5  Coil (4 mm diameter) 
iv. Work Piece  
It is appropriate to use only conducting materials, so it is decided to use commercially pure aluminium IS 19000 
EIC. The reason behind selecting this material is its purity and availability in the market. Its composition is pure 
98.3 % Al, 0.1 % Cu, 0.2 % Mg, 0.5 % Si, 0.7 % Fe, 0.1 % Mn, 0.1 % Zn. Total impurities are Cu + Mg + Si + Fe + 
Mn + Zn = 1.7%. Its characteristics are very ductile in annealed or extruded condition and excellent resistance to 
corrosion. It is available in the form of sheets, plates, tubes, wires and forgings. It is used in paneling and moulding; 
refrigeration tubing equipment for chemical, food and brewing industries; packaging; and cooking utensils. Three 
different thicknesses 0.2, 0.5 & 0.8 mm sheets are tried to form in this work; the 0.5mm thick work piece is shown 
in Fig 6 
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Fig.6 Work Piece (0.5mm thick) 
v. Assembly  
 
The forming setup is assembled as shown in Fig.7. First the die is placed on a flat surface, and then, the Bakelite 
material is placed inside the cavity. Next the coil is placed symmetrically over the Bakelite surface; the work piece 
is placed over the die top surface by leaving an air gap between the centre of the coil and work piece. The air gap for 
2 mm coil is 6 mm and for 4 mm coil is 5 mm. Then the clamp is placed over the work piece and clamped by the 
align screws with help of the align key. The exploded view of forming setup is shown in Fig.8. 
 
Fig.7 Assembled View of Forming Setup 
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Fig.8 Exploded View of Forming Setup 
2.3 Working 
Once the AC supply of 230 V is switched on, the power supply is conducted by the SCR module, and passed on to 
the step up transformer. The step-up transformer steps up the voltage to 900 V AC. Then the AC voltage is 
converted into DC voltage with the help of the bridge rectifier. The DC voltage is passed on to the capacitor bank. 
The capacitor bank stores the energy for 5-10 seconds. The energy is discharged to the forming setup (coil) from the 
capacitor through the thyristor. The coil excites and eddy current is produced. This eddy current induces the eddy 
current in the work piece, which is in the vicinity of the coil. These two eddy currents repulse each other, and 
produce a high repulsive which deforms the work piece. 
 
3. Results and Discussion 
 
3.1 Experimental Results 
 
3.1.1 Deformation  
Work pieces(aluminum IS 19000) having two different thicknesses are tried to form. It includes 0.2 mm& 0.5mm. 
Initially, the trial is carried out with0.2 mm. From the trial it is found that the 0.2 mm work piece does not withstand 
the amount of energy discharged. The work piece before and after forming is shown in Fig.9 From the figure it is 
clearly shown that the work piece has been torn.  
 
 
Fig.9 Deformed and un deformed work piece (0.2 mm thick) 
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Then the next level of thickness 0.5 mm is tried. The reason for going to 0.5 mm instead of 0.3 mm, is that 0.5 mm 
is commercially easily available.  Different deformations of the 0.5 mm thick work piece are obtained for various 
energy levels. 
 
Fig 10 Un  deformed and 4 mm deformed work piece (0.5 mm thick) 
 
 
Fig.11  5.5 mm deformed work piece (0.5 mm thick) 
 
The deformations are measured as 4mm,5.5mm, 7 mm, 8.5 mm & 10 mm by using the Vernier caliper at the centre 
of the work piece  i.e, at zero radius.Fig.12 shows the 0.5 mm thick work piece un deformed, and 4 mm deformed & 
Fig.11 shows the 5.5 mm deformed work piece. 
 
Fig.12 Un deformed and 7 mm deformed work piece (0.5 mm thick) 
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Fig.13 8.5 mm deformed and 10 mm deformed work piece (0.5 mm thick) 
 
Fig.10 shows the 0.5 mm thick work piece un deformed and 7 mm deformed,& Fig.13 shows the 8.5 mm deformed 
and 10 mm deformed work piece. 
 
4.Vicker’s Micro hardness Test 
 
4.1. Test Specifications  
The Vickers micro hardness test is carried out at the OMEGA INSPECTION & ANALYTICAL LABORATORY, 
Chennai. The test is carried out with reference to IS:1501. The indenter is a diamond in the shape of a pyramid with 
square base. 0.5 kgf is applied for 20 seconds. The work piece sample is 98mm in diameter and 0.5mm thick. The 
hardness value is measured on the deformed sheet by varying the energy used to free form. The samples are shown 
in Fig.14 
 
Fig.14 un deformed and deformed hardness test samples 
 
 
4.2 Test Results  
The test data are listed below in the table no.4.1.forthe 0.5mm thick sheet 
Table4.1. Hardness test data Vickers micro hardness HV 
Energy 
Level 
(kJ) 
Deformation 
by Experiment 
(mm) 
Vickers Hardness 
(HV) before 
forming 
Vickers Hardness 
(HV) after forming 
% increase of 
hardness 
6  
 
4 52 57.1   9.80 
8 
 
5.5 52 58.2  11.92 
10 
 
7 52 59.7   14.80 
12 
 
8.5 52  60.5  16.34 
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4.3. SEM image 
 
4.3.1 Sample Preparation  
Two samples (deformed &un deformed) are selected to take the SEM image. First the samples are cut to the   
required shape and dimensions of not more than 1×1 cm2. To get a clear image the sample has to be properly etched 
with correct solution. Every material has a unique solution in which it has to be etched. Hydrofluoric acid is used for 
etching aluminium. The cut samples are moulded using Bakelite powder, which is used to hold the sample during 
etching. The two etched samples are shown in Fig.15 
 
Fig.15 Etched samples-un deformed (left) and deformed (right) 
 
4.3.2 SEM image Specifications  
The SEM image is taken at the “CENTRE FOR CRYSTAL GROWTH”, A.C.Tech, AnnaUniversity, 
Chennai. The images were taken at four different magnification levels such as 500X, 1.00 kX, 3.00 
kX & 5.00 kX for both the samples. 
 
4.3.3 SEM Image Results  
The Figs.4.3, 4.4, 4.5 &4.6 shows the SEM images of un deformed and deformed samples of 500X, 
1.00 kX, 3.00 kX & 5.00 kX respectively.  
 
Fig.16 SEM image of un deformed (left) & deformed (right) sample at 500 X 
 
Figg.17 SEM image of un deformed (left) & deformed (right) sample at 1.00 kX 
 
289 P. Arumugam et al. /  Procedia Engineering  97 ( 2014 )  277 – 290 
 
 
 
 
 
Fig.18 SEM image of un deformed (left) & deformed (right) sample at 3.00 kX 
 
Fig.19 SEM image of un deformed (left) & deformed (right) sample at 5.00 kX 
 
From the SEM images it is observed that the surface roughness has been reduced after forming. The rough pore 
surface became slightly less rough. The grain structure which is coarse in the parent metal (un deformed sample) is 
much finer in the formed sample. The grains of the deformed sample are bonded tightly when compared to un 
deformed sample. This is the reason for slight increase in hardness value. 
 
5. CONCLUSION  
 
A complete electromagnetic sheet metal forming setup has been made. Free forming of two different work pieces 
are studied and it is observed that a maximum of 10 mm deformation is obtained. The Vickers micro hardness test is 
carried out on the 0.5 mm deformed work piece. The VHN is increased to a maximum of 19.6% at the energy level 
of 14KJ,when compared to the un deformed sample.It is also observed that as the energy level is increased, the value 
of the hardness too is increased.The microstructure study is carried out by using SEM. From the SEM results it is 
observed that the surface is slightly smoothened, and the grains of the deformed sample are more tightly bonded 
than those of the un deformed sample. 
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